Abstract. Nasopharyngeal carcinoma (NPC), a tumor arising from the epithelial cells of the nasopharynx, is endemic in Southeast Asia and Taiwan. The prognosis of NPC patients with local recurrence and metastasis is poor. Resistance to anoikis is a primary characteristic of tumor cells that metastasize. However, the mechanism through which NPC cells resist anoikis and are able to metastasize has not been fully elucidated. In the present study, the acquisition of anoikis resistance was analyzed in the TW01 and TW06 human NPC cell lines growing under anchorage-independent conditions. A considerable number of TW01 and TW06 cells was found to be resistant to anoikis and exhibited a higher capability of migration and invasion. These anoikis-resistant NPC cells exhibited significantly increased expression of signal transducer and activation of transcription 3 (STAT3) compared with adherent cells. Furthermore, blockade of STAT3 expression by STAT3 inhibitors or STAT3 silencing significant increased anoikis in anoikis-resistant NPC cells. Moreover, silencing STAT3 not only reduced the capacity of NPC cells to resist anoikis, but also reversed their invasive properties. The expression of epithelial-to-mesenchymal transition-related proteins and CD44 was also significantly decreased following STAT3 knockdown. The results of the present study established that STAT3 mediates anoikis resistance, with enhanced cell migration and invasion of NPC cells, and that activation of STAT3 may increase metastatic capacity, indicating the crucial role of STAT3 in conferring anoikis resistance and enhanced invasive properties to NPC cells.
Introduction
Nasopharyngeal carcinoma (NPC), a tumor arising from nasopharyngeal epithelial cells, is one of the most common head and neck cancers in Southeast Asia and Taiwan. Lymph node and distant organ metastasis is a major challenge in NPC, as it is often responsible for treatment failure (1, 2) . Although radiotherapy, alone or combined with chemotherapy, has been traditionally used as the treatment of choice for NPC, a significant number of patients with advanced NPC develop metastasis and local recurrence. Therefore, in order to establish more effectively targeted therapies, the mechanisms underlying resistance development and metastasis of NPC must be elucidated.
Epithelial cell adhesions may allow survival of cancer cells and facilitate tumor growth. However, some tumor cells develop properties that enable them to survive under anchorage-independent conditions and continue to proliferate (3, 4) . These cells are referred to as being resistant to anoikis, and they are able to invade easily and migrate to distant metastatic sites (5) . The mechanism underlying tumor cells acquiring anoikis resistance and enhanced migratory ability remains largely unexplored. However, it is crucial to elucidate why NPC cells gain metastatic potential following resistance to anoikis.
Signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor that mediates cellular response to several growth factors and cytokines. Increased expression of STAT3 is involved in the control of cell growth and has been associated with inflammation, survival, proliferation and angiogenesis (6) (7) (8) . In addition, activation of STAT3 was detected in the development and progression of various tumors, and this pathway was found to be a potential target for cancer treatment (9) . Phosphorylation of STAT3 enhances the expression of a variety of proliferation and survival genes, such as cell survival-related genes (cyclin D1 and survivin), and anti-apoptotic proteins (Bcl-2 and Bcl-xL) (10, 11) . It has been reported that activation of STAT3 may directly contribute to the invasiveness of NPC cells (12, 13 has not been clearly determined. The aim of the present study was to evaluate the potential role of STAT3 in anoikis resistance, and investigate whether the activation of STAT3 may lead to tumor progression and invasion in NPC.
Materials and methods
Cell culture. Two human NPC cell lines, TW01 and TW06, were cultured in 10-cm 2 dishes with Dulbecco's modified Eagle's medium (DMEM; gibco/Thermo Fisher Scientific, Carlsbad, CA, USA) and 10% fetal bovine serum (FBS; Bioind, kibbutz Beit Haemek, Israel), 1% sodium pyruvate (Bioind), 1% penicillin, streptomycin, amphotericin (PSA; Bioind), and 1% non-essential amino acids (NEAA; Bioind). The cells were incubated at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 .
Migration and invasion assay. The cells were incubated under either anchorage-dependent or -independent conditions for 48 h, and were then seeded in 6-well plates and grown to confluence. Analysis of cell migration was performed by the wound healing method. Cell monolayers were scraped with a 10-µl tip and photographed at the beginning of the assay (0 h) and at 24 h under the respective conditions. The invasion assay was performed by the Transwell system with a polycarbonate filter membrane (24-well insert, pore size 8 µm; Corning Costar, Corning, NY, USA). Each well was coated with Matrigel (60 µg; BD Biosciences, San Diego, CA, USA) immediately prior to the invasion assay. After a 48-h incubation under adherent or suspension conditions, the cells were transferred to the upper chamber in a medium without serum or growth factors, and the medium supplemented with serum was used as a chemoattractant in the lower chamber. The cells were incubated for 48 h, and the cells on the lower surface of the membrane were fixed with methanol and stained with crystal violet. The cells invading the membrane were counted under a light microscope (magnification, x100, 5 random fields/well).
Measurement of cells resistance to anoikis. TW01 and TW06 cells in the culture plate were detached and made into a single-cell suspension in serum-free DMEM/F12, and then seeded into a poly-HEMA-coated 6-well plates at a density of 1.5x10 5 ® Laboratories, Rockville, MD, USA) according to the manufacturer's protocol. After 24 h of transfection, the cells were processed for anoikis assay, invasion assay or western blotting, as described above. Prior to the experiment, the extent of silencing was tested by western blotting.
Western blot analysis. TW01 cells were incubated in either anchorage or suspension culture, with or without any treatment, for 48 h. The cells were then collected and lysed using RIPA buffer (Thermo Fisher Scientific Inc., Rockford, IL, USA) containing protease inhibitors. Samples with 20 µg of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA), followed by blocking with 5% milk in Tris-buffered saline (TBS). After blocking, the membranes were immunoblotted with the specific antibodies and incubated in TBS at 4˚C overnight. Primary antibodies against STAT3 (rabbit polyclonal), phosphorylated STAT3 (tyrosine 705; rabbit polyclonal), E-cadherin (rat monoclonal), N-cadherin (rabbit polyclonal) and vimentin (mouse monoclonal) were used at a dilution of 1:1,000. Primary antibodies against Bcl-2 (rabbit polyclonal) and survivin (mouse monoclonal) were used at a dilution of 1:200. A rabbit polyclonal anti-gAPDH (cat. no. g9545; Sigma-Aldrich) was used as sample-loading control at a dilution of 1:1,000. The membranes were then washed three times with TBST (1X TBS, 0.1% Tween-20), and then incubated with goat anti-rabbit (cat. no. ab205718, Abcam, Cambridge, Uk), goat anti-mouse (cat. no. ab205719, Abcam), or goat anti-rat (cat. no. ab97057, Abcam) secondary antibodies conjugated with horseradish peroxidase at a dilution of 1:5,000 in TBS for 1 h at room temperature. The membranes were washed again in TBST three times at room temperature. Immunoreactive protein bands were detected with the enhanced chemiluminescence detection system (gE Healthcare, Life Sciences, Pittsburgh, PA, USA).
Flow cytometry for anti-CD44 antibody analysis. The presence of CD44 on the cell surface was detected using anti-CD44-FITC (BD Biosciences) antibody. The dissociated cells were stained with anti-human CD44 and were then incubated at 4˚C for 15 min in the dark. Following incubation, the cells were washed once with cold FACS buffer. The labeled cells were analyzed by gallious Flow Cytometry (Beckman Coulter, Brea, CA, USA) and the data were analyzed with FlowJo software (Tree Star Inc., Ashland, OR, USA).
Results

A considerable number of NPC cells exhibit anoikis resistance.
Anoikis resistance was evaluated in TW01 and TW06 NPC cells, which were cultured under anchorage-independent conditions for 48 h. Cell survival was assessed by flow cytometry and compared with the cells simultaneously cultured under adherent conditions. Although anoikis was induced to a certain extent in tumor cells under anchorage-independent conditions, a significant percentage of NPC cells resisted anoikis. A total of ~46% of TW01 cells resisted anoikis, whereas 67% of TW06 cells resisted anoikis when cultured under anchorage-independent conditions (Fig. 1A) . 
Anoikis-resistant NPC cells exhibit a high capability of migration and invasion.
Migration and invasion assays were performed to compare the metastatic potential of anoikis-resistant cells with that of adherent cells. The wound healing assay was used to evaluate cell migration in TW01 and TW06 cells. The cells were incubated under anchorage or anchorage-independent conditions for 48 h and then transferred to 6-well plates, and a wound was created when the cells were attached and started to grow. The results demonstrated that TW01 and TW06 cells that resisted anoikis healed the wound at a more rapid rate compared with adherent cells (Fig. 1B) .
The invasion capacity of NPC cells was evaluated with the Transwell invasion assay. TW01 and TW06 cells that resisted anoikis were also found to be highly invasive compared with adherent cells (Fig. 1C) . Anoikis-resistant TW01 cells exhibited a 58% increased rate of invasion, whereas TW06 cells exhibited a 74% increased rate of invasion compared with their respective adherent cells (Fig. 1D) . These results suggested that anoikis-resistant cells acquire enhanced migratory and invasive properties.
Overexpression of STAT3 in anoikis-resistant NPC cells.
To better understand the molecular changes that are associated with anoikis resistance and a highly migratory and invasive phenotype in NPC cells, the expression levels of proteins, including STAT3, phosphorylated STAT3 (p-STAT3), B-cell lymphoma-2 (Bcl-2) and survivin, was examined in TW01 anoikis-resistant and adherent cells by western blot analysis. The results demonstrated a significant increase in STAT3 and p-STAT3 in the cells that resisted anoikis compared with adherent cells. In addition, in anoikis-resistant cells, a significant increase was observed in the expression of the anti-apoptotic proteins Bcl-2 and survivin, which are regulated by STAT3 (Fig. 2) .
STAT3 inhibitors overcome anoikis resistance in NPC cells.
To determine whether STAT3 plays a significant role in anoikis resistance as well as in increased migratory and invasive potential leading to metastasis, the effect of the STAT3 inhibitor Stattic on anoikis resistance was evaluated in NPC (Fig. 3) . Both Interference with STAT3 expression blocks anoikis resistance in NPC cells. shRNA-mediated knockdown of STAT3 in TW01 and TW06 cells was further performed to establish the role of STAT3 in anoikis-resistant NPC cells. Two STAT3 shRNAs (shRNA1 and shRNA2) and scrambled shRNA as control were used for STAT3 knockdown. The STAT3-transfected cells expressing GFP were processed for fluorescence microscopy (Fig. 4A) and constitutively stable cells were used in the following experiments. The sensitivity to anoikis was further calculated and the result demonstrated a significant decrease in anoikis resistance as a result of STAT3 knockdown (Fig. 4B) . knockdown of STAT3 expression confers a 55-75% reduction of anoikis resistance in TW01 cells and a 40-65% reduction in TW06 cells. Our results demonstrated that the percentage of anoikis-resistant cells was highly correlated with the level of STAT3 expression.
Silencing STAT3 diminishes the invasiveness of anoikis-resistant NPC cells.
Since the results demonstrated that anoikis resistance was associated with enhanced invasiveness, the Transwell invasion assay was performed in TW01 and TW06 cells after silencing STAT3. There was a significant decrease in invasion after STAT3 silencing in these tumor cells, and the extent of decreased invasion was correlated with the level of STAT3 expression (Fig. 4C) . STAT3 silencing contributed to a 75-85% decrease in the rate of invasion of TW01 cells, and there was a ~65-80% decrease in the rate of invasion of TW06 cells after STAT3 silencing. Therefore, inhibition of STAT3 expression in TW01 and TW06 cells that have acquired anoikis resistance not only increased sensitivity to anoikis, but also interfered with their invasion capacity.
Silenced STAT3 decreases epithelial-to-mesenchymal transition (EMT) markers and CD44 expression.
As changes in invasive properties were significantly correlated with STAT3 expression of anoikis-resistant NPC cells, the effect of STAT3 knockdown on the expression of migration and invasion regulatory proteins was further examined by western blot analysis and CD44 expression by flow cytometry. The levels of expression of EMT-related proteins, including E-cadherin, N-cadherin and vimentin, was analyzed by western blot analysis and CD44 expression was detected by flow cytometry in anoikis-resistant TW01 cells with and without STAT3 silencing. Our data indicated that knockdown of STAT3 significantly increased E-cadherin, but decreased N-cadherin and vimentin expression, as evaluated by western blot analysis (Fig. 5A ). In addition, the results of flow cytometry demonstrated that CD44 expression was significantly decreased in STAT3 shRNA-transfected TW01 cells compared with non-specific shRNA-transfected TW01 cells (Fig. 5B) .
Discussion
NPC is associated with a high incidence of recurrence and frequent initial dissemination to regional lymph nodes, representing a major challenge in clinical practice. Although radiotherapy and chemotherapeutic agents have been used in the management of NPC, these tumors usually recur and metastasize following treatment (14, 15) . Anoikis is apoptosis that occurs in anchorage-dependent cells when they detach from the surrounding extracellular matrix, and it has been suggested that cancer cells develop different strategies for overcoming anoikis. Resistance to anoikis may enable tumor cells to metastasize and facilitate tumor formation in other sites (16, 17) . However, the mechanisms underlying anoikis resistance in NPC cells, which may lead to a high rate of metastasis, have not been fully elucidated. In the present study, a considerable number of NPC cells were found to resist anoikis when grown under anchorage-independent conditions. The cells that resisted anoikis exhibited higher migratory and invasive properties compared with the cells that were cultured under anchorage-dependent condition. These highly migratory NPC cells may survive from anchorage-independent cell cultures and exhibit anoikis resistance compared with the poorly migratory NPC cell line. These results suggest that anoikis resistance is an important characteristic of more aggressive NPC cells.
Previous studies have demonstrated the involvement of STAT3 in cellular growth signaling and its important role in cell survival, proliferation and invasion (18, 19) . STAT3 has attracted significant attention, as it is involved in malignant progression, and constitutes an attractive therapeutic target. In addition, several studies have demonstrated that STAT3 may induce anoikis resistance, promoting tumor cell survival in certain cancers (20) (21) (22) . Our results also revealed that anoikis-resistant NPC cells exhibited significantly increased expression of STAT3 with enhanced expression of Bcl-2 and survivin compared with adherent cells.
The present study proposed the hypothesis that the activation of STAT3 induces anoikis resistance in NPC cells and promotes metastasis. We examined the expression of STAT3 in anoikis-resistant tumor cells, and assessed whether inhibition of STAT3 leads to sensitization of NPC cells to anoikis. Following Stattic treatment, significant reduction in anoikis resistance was observed in TW01 and TW06 cells. Moreover, a remarkable reduction in anoikis resistance was observed following STAT3 silencing. The level of STAT3 silencing was significantly correlated with non-adherent cell survival, indicating that anoikis resistance of NPC cells was dependent on STAT3. Notably, STAT3 silencing also reduced the invasiveness and migratory ability of anoikis-resistant NPC cells. The reduction in the rate of invasion was also found to be significantly correlated with the level of STAT3 silencing by shRNAs. These results revealed that the effect of STAT3 on anoikis resistance was correlated with invasion in NPC. In support of the abovementioned findings, there was a significant change in the expression of EMT-related proteins, including N-cadherin and vimentin, which was significantly inhibited after silencing STAT3. Furthermore, knockdown of STAT3 significantly increased E-cadherin expression, as evaluated by western blot analysis. A switch from N-cadherin to E-cadherin expression indicates that STAT3 silencing reverses EMT, and may exert a significant inhibitory effect on the progression of NPC. Decreased CD44 expression was detected by flow cytometry in anoikis-resistant NPC cells following STAT3 knockdown. Previous studies demonstrated that CD44 promotes EMT and is associated with cancer invasion through several mechanisms (23, 24) . Our results further revealed that STAT3 represents a link between anoikis suppression and EMT, both of which may contribute to metastasis. Since increased EMT-related characteristics have been found to be associated with worse outcomes in patients with NPC (25, 26) these data support that the constitutive activation of STAT3 is predictive of poor prognosis. These findings are in agreement with previous studies investigating the role of STAT3 in the aggressiveness of various tumors (27, 28) . The important role of STAT3 in conferring resistance to anoikis and promoting metastasis in NPC was further investigated. In conclusion, the present study elucidated the association of STAT3-mediated anoikis resistance with enhanced cell migration and invasion in NPC. The findings suggest that targeting STAT3 may be an important therapeutic strategy for preventing or inhibiting anoikis sensitization and cellular invasiveness in NPC.
